INTRODUCTION
The dynamics of discrete, insect host-parasitoid interactions have been much studied since the early works of Thompson (1924) , Nicholson (1933) and Nicholson & Bailey (1935) (see Hassell (1978) for a review). By having both populations coupled and synchronized with each other, it is implicitly assumed in these models that the parasitoids are effectively specialists on that one host species. Many natural enemies of insects, however, are polyphagous to some degree and will have rather different dynamical relationships with their prey; this is the case, for example, for many parasitoids, staphylinid and carabid beetles, birds and small mammals. In particular, a broad diet will tend to buffer the populations of such generalists from fluctuations in abundance of any one of their prey, and give dynamics that are largely uncoupled from that prey (Murdoch & Oaten 1975; Southwood & Comins 1976) .
Most insect populations are attacked by several natural enemies, some polyphagous and others more-or-less monophagous. Thus, while it is useful to know how each type alone can affect the dynamics of its host or prey, it is also important that their combined effect be understood. In this paper we first outline the dynamics of a particular generalisthost(=prey) interaction, and then use this as a basis for a three-species model in which Correspondence: Prof. M. P. Hassell, Imperial College, Silwood Park, Ascot, Berks SL5 7PY.
DYNAMICS OF A GENERALIST PREDATOR-PREY INTERACTION
We assume that the insect host population whose dynamics are the focus of our attention has discrete generations, such as found in many temperate Lepidoptera populations, and is attacked during its life cycle by both a generalist natural enemy-be it another insect (predator or parasitoid), an arachnid, an insectivorous bird or a small mammal-and a specialist parasitoid. As a prelude to examining such a three-species system, we first outline the dynamics of the generalist-host interaction alone against which the dynamics of the three-species interaction can be readily compared.
Essential ingredients in modelling any predator-prey interaction are descriptions of the predators' functional and numerical responses (Holling 1959a,b). The functional response defines the per capita ability of the predators to attack prey at different prey densities, and we have assumed this to take a typical type II form (recognizing that for some predators a type III or more complex form would be more appropriate). However, instead of modelling this on the basis of random encounters between predators and prey (Holling 1959b Here Nt is the number of prey in generation t, Na is the number of these attacked by Gt searching generalist predators, a is the per capita searching efficiency of the predators, Th is
where h is the saturation number of predators and b determines the typical prey density at which this maximum is approached. In effect, we are assuming that our generalist predators have a fast numerical response in relation to changes in Nt, as would occur for instance by (a) rapid reproduction relative to the time scale of their prey or (b) 'switching' from feeding elsewhere or on other prey species (Murdoch 1969; Royama 1979). Such numerical responses, when combined with the functional response of eqn (1), make predation density-dependent over a range of prey densities, above which the percentage predation will level off (Th = 0) or decline (Th > 0) as shown by the examples in Fig. 2 . Support for such patterns under natural conditions comes best from one particular situation: the predation of lepidopterous pupae in the soil. 
Otherwise, the host population is unregulated by the generalist (curve B), eventually increasing at a density independent rate given from
With finite handling time (curves A and C) similar cases apply, but now even when an equilibrium exists (e.g. curve C) the host population, if sufficiently large, eventually increases unchecked. Thus, the host population is only regulated to X* provided X remains below some threshold value X < XT (see 
HOST-GENERALIST-SPECIALIST INTERACTIONS
In broadening this framework to include a second natural enemy species-a specialist insect parasitoid-attacking the same host species, we consider the conditions allowing the specialist to 'invade' and co-occur with the generalist, and examine the effects of the specialists being there in terms of the equilibrium and local stability properties of the interaction. We assume the same form of functional response for the specialists as for the generalists in eqn (1), but now a numerical response determined by the number of hosts parasitized in the previous generation-the usual case in host-parasitoid interactions. A problem that arises when hosts have discrete generations and suffer more than one mortality factor is that different dynamics can occur, depending upon the sequence of these mortalities in the host's life cycle (Wang & Gutierrez 1980; May et al. 1981). We consider two cases: Model 1 where the specialists act first, followed by the generalists, and Model 2 where the generalists act first, followed by the specialists. These are also appropriate to cases where both species are parasitoids acting on the same stage of the host life cycle, and where either specialist or generalist consistently 'win' should the same host individual be encountered, giving Models 1 and 2, respectively. A different model structure, not considered here, would be needed if the result of this competition depends on the order of encounter with a host individual. Here, Xt and Xt+ are the scaled host populations (X = a'cN*, where a' is the per capita searching efficiency of the specialist (cf. a for the generalists) and c is the average number of adult female parasitoids resulting from each host attacked); Yt and Yt+ are the scaled specialist populations (Y = a'P); a is the ratio of scaling factors applied to generalists and specialists, respectively (i.e. a = a'cb); and k' defines the degree of clumping in the distribution of parasitism by the specialists amongst the host population within any generation (cf. k for the generalists). Other parameters are as in eqn (3), but now handling time (for both specialist and generalist) is assumed negligible compared with the total time available for searching. Some support for this comes from the monotonically increasing curves in Fig. 3, showing no signs of the effect of a significant handling time (cf. Fig. 2) . Thus, bothf and g stem from the zero time of the negative binomial distribution and define the fraction of hosts escaping from attack by specialists and generalists, respectively.
Before considering any properties of this three-species system, we should bear in mind the dynamics of host and parasitoid alone (i.e. eqns (8a,b) with g = 1 andf as in eqn (10) As illustrated in Fig. 6 , the dynamics of the three-species system characterized by eqns (8a,b) can be complicated. The essential features can, however, be described in a qualitative way; a more detailed discussion is given in Appendix 2.
The generalist predator can exclude the specialist, making a persistent three-species state impossible, if the host rate of increase (F) is too low, or if the generalist's effective attack rate (ah) is too high. The latter factor can be ameliorated by the specialist having an attack rate (a') big enough to make the scaling ratio a (=a'cb) large, or by significant clumping in the distribution of generalist attacks (k small). As F increases or ah decreases, either individually or in combination with other favourable changes in parameters characterizing the interactions, there will eventually come a point when the specialist can establish itself, and a persistent three-species state arises. In the simplest case (illustrated by curve A in Fig. 6 ), the host-generalist system gives way directly to a three-species state, in such a way that the system always possesses one and only one state (which may be a stable equilibrium point, a stable cycle, or 'deterministically chaotic' fluctuations around some long-term average). In this simplest case, the criterion for the existence of the three-species state-that is, for the specialist to become established-can be written explicitly: we require F > Fc, where
This makes plain the trends asserted in the preceding paragraph. A specialist will more easily be able to invade an existing host-generalist interaction if k and ah are small (indicating low levels of highly non-random predation by the generalists) and if a(=a'cb) is large (reflecting a high efficiency of the specialists (high a'c) and/or low densitydependence from the generalists (high b)).
More generally, the regime of host-generalist only (for sufficiently low F) and three-species coexistence (for sufficiently high F) can be separated by a band of intermediate F-values in which two alternative states exist. Curve B in Fig. 6 illustrates one of the possibilities, in which there are two alternative persistent states, one with only a generalist predator and the other with all three species present. Curve C in Fig. 6 indicates another possibility, in which there is a band of F-values for which there are two alternative three-species states into which the system may settle. In all such situations, which state the system settles into will be determined by the initial conditions. Notice, moreover, that either one or both of these alternative states may be cyclic or chaotic, rather than a simple stable point equilibrium.
In these more complicated situations where two alternative states exist between the pure host-generalist state and a unique three-species state, analytic criteria for the specialist to be able to establish itself are not in general obtainable. Equation (11) continues, however, to give a good approximation; for more details, see Appendix 2.
Although the possible existence of alternative states of the system clearly do arise-and substantially complicate both the analysis and this qualitative discussion-such complexities only arise for rather delicately balanced values of the parameters. Specifically, the existence of these phenomena (as illustrated by curves B and C in Fig. 6 ) is only possible for ah significantly in excess of unity, c = a'cb around unity (not too big, not too small), and both k and k' large (corresponding to effectively random search by both specialist and generalist). In short, the criterion F > Fc with Fc given by eqn (11) is a good basis for understanding the conditions under which coexistence of specialist and generalist predators is possible. As for model 1, eqn (14) shows that a specialist can invade more easily if ah and k are small and a is large. In addition, however, the appearance of F' in the exponent on the right-hand side of eqn (14) means that F' > Fc (see Appendix 3 for proof). Hence the conditions for a specialist to invade if acting after a generalist in the host's life cycle will always be more restrictive than if acting before. This is only to be expected since the specialists now have fewer hosts available compared with Model 1.
COMPARISON OF MODELS 1 AND 2
In comparing the predictions of Models 1 and 2, we pick upon two special cases, where k = k' -oo and k = k' = 1, and for each we display the three-species equilibrium properties by plotting X* and Y* against ah for given a and F (cf. Fig. 5a-c) . In other words, we shall examine how the equilibria, and their local stability, are affected by changing overall efficiency of the generalists, and do this for both random and moderately clumped distributions of mortality. (2) A three-species stable system can readily exist where the host-generalist interaction alone would be unstable or have no equilibrium at all. This can be true even if each of the two-species interactions on their own are unstable, as shown by the numerical example in Fig. 9 taken from curve A in Fig. 6 , where the host-specialist interaction on its own would show expanding oscillations.
(3) In some cases (e.g. curves A-C in Fig. 6 and Fig. 9 ) the establishment of a specialist (specialists following generalists) increases as the generalists become more efficient (i.e. as ah increases), provided that k' > 1. In other words, with distributions of parasitism by the specialists that veer towards random, they can overcompensate for any changes in host abundance earlier in the life cycle, thus causing higher host equilibria as predation by the generalist becomes more severe. The effect becomes less marked as k' decreases (i.e. specialists increasingly clumped), until at k' = 1 there is exact compensation for any level of host mortality inflicted by the generalist (as shown in Fig. 8b) . Indeed, the host equilibrium is now completely unaffected by the generalist, and remains exactly the same as with only host and specialist interacting (see Appendix 4 for further details). With even higher degrees of contagion in the distribution of parasitism (k' < 1), the above effect is reversed and Models 1 and 2 become similar in so far as generalists and specialists now combine to depress further the host equilibrium.
CONCLUSION
In contrast to two-species host-generalist or host-parasitoid interactions, each of which have rather straightforward dynamics, the combined three-species system discussed in this paper presents a much wider range of dynamics, depending on the choice of parameter values and the stages of the host's life cycle attacked. Thus, while it is clearly important to understand fully the properties of each type of interaction alone, this in itself is not sufficient for a complete picture of more complicated systems. Testing these theoretical ideas in the field will be challenging since manipulation experiments provide much the best means of looking for the existence of alternative stable states and the conditions for invasion of a third species into an existing predator-prey or parasitoid-host interaction. In the first place, therefore, suitable laboratory systems are likely to be the most profitable in attempting to demonstrate these patterns. Examining a variety of such multi-species systems, involving predators, pathogens, competitors and mutualists, should bring us closer to the goal of understanding how population dynamics can affect community structure.
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APPENDIX 1 The dynamics of our host-generalist association is described by the first-order difference equation, eqn (4). In the limit < = 0 (Th = 0), the equilibrium value X* is easily found, and is given by eqn (6). Clearly the argument in the logarithm in eqn (6) is positive only so long as the inequality (5) This threshold host density, above which the host population escapes control by the generalist predator, is indeed much greater than X* when ( is very small.
The stability of the equilibrium point at X* may be studied in the standard way. If the slope of the map described by eqn (4) at X* lies between 45? and -45?, then X* will be locally stable. If not, numerical studies are needed to find whether the overcompensating density dependence results in stable cycles or in deterministic chaos (May 1976).
APPENDIX 2
This appendix elucidates the dynamical properties of the three-species (host-generalistspecialist) system of model 1, as defined by eqns (8a,b) with eqns (9) and (10) for g andf, respectively.
The equilibrium values of the host and specialist parasitoid densities, X and Y, can be obtained by putting Xt+ I = Xt = X* and Yt+ 1 = Yt = Y* in eqns (8a) and (8b) in the usual way. The system is, however, somewhat easier to understand if we work with the 'dummy variable', z = f(Y*); z represents the fraction of the host population that escape the specialist predator (1 > z > 0, with z = 1 when the specialist is absent). Given z, Y* follows from eqn (10), and the X* is determined from eqn (8b): 
